Objectives This study sought to investigate whether self-expanding stents are more effective than balloon-expandable stents for reducing stent malapposition at 3 days after implantation in patients with ST-segment elevation myocardial infarction undergoing primary percutaneous coronary intervention.
Primary percutaneous coronary intervention (PCI) with balloon-expandable stents is a well-established therapy for patients with ST-segment elevation myocardial infarction (STEMI) (1) (2) (3) (4) . Patients treated with balloon-expandable stents in the setting of an acute coronary syndrome, however, are known to experience a severalfold increased risk for stent thrombosis compared with patients with stable symptoms (5) (6) (7) .
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PCI in the setting of acute coronary syndromes could predispose to stent thrombosis owing to the large thrombotic burden already present, suboptimal stent expansion to avoid the risk of no-reflow, or stent implantation on a thrombus that eventually disappears leading to malapposition (8) . Various studies have emphasized the importance of correct sizing of balloonexpandable stents, in particular in patients with significant thrombotic burden and subsequent vasoconstriction (9 -14) . The incidence of incomplete stent deployment and undersizing is between 20% and 30% and is even higher when intravascular ultrasound is used as a technique to assess this (9) . It has been recently demonstrated that identification of stent undersizing through eyeballing is a strong predictor of stent thrombosis (9) ; this was caused by severe calcification, high thrombotic burden with subsequent vasoconstriction, or incorrect judgment of the true coronary vessel size by the performing operator (11) (12) (13) (14) . By contrast, deployment of balloon-expandable stents with oversized balloons and high-pressure inflation can lead to plaque or thrombus disruption and distal embolization; the subsequent occurrence of poor myocardial reperfusion leads to a lack of myocardial salvage with poor short-and long-term clinical outcomes (6) .
As most STEMI studies involved balloon-expandable stents, little is known about the effect of treatment with self-expanding stents in PCI. Its use in the setting of STEMI carries potential benefits compared with the use of conventional balloon-expandable stents (15, 16) . The STENTYS Coronary Stent (STENTYS, Paris, France) is a self-expanding nitinol stent. It has a z-shaped design that is linked together by small interconnections that can be disconnected by balloon inflation between the struts to create side branch access.
The ability of this stent to grow in volume in the first hours to days after the procedure allows gentle deployment with less trauma, but also reduces plaque disruption or thrombus dislodgement and thus could lead to less distal embolization. The increase in the STENTYS stent area (ϩ19%) at 3 days after implantation and the absence of malapposed stents seen at 6 months suggest that this device follows the growth of the vessel lumen while vasoconstriction and thrombus are resolving (15) .
The aim of the present trial was to investigate whether self-expanding stents are more effective than balloonexpandable stents for reducing stent malapposition at 3 days after implantation in STEMI patients undergoing primary PCI.
Methods
Study design and patient selection. The APPOSITION II (Randomized Comparison Between the STENTYS SelfExpanding Coronary Stent and a Balloon-expandable Stent in Acute Myocardial Infarction) trial was a randomized, international, multicenter, open-label clinical study with blinded assessment of the study endpoints. The study complied with the Declaration of Helsinki. Local institutional ethical committees approved the study protocol and all participating patients provided informed consent.
The study population consisted of patients admitted for STEMI with onset of symptoms Ͻ12 h. STEMI was defined as presence of: 1) detection of rise of cardiac biomarkers with a least 1 value above the 99th percentile of the upper reference limit; 2) chest pain Ͼ20 Van Geuns et al. Self-Expanding Versus Balloon-Expandable Stents in AMI bundle branch block. Angiographic inclusion criteria were reference vessel diameter Ն2.5 and Յ4.0 mm and target lesion length Ͻ30 mm by visual estimate.
Exclusion criteria were: prior thrombolytic therapy; coronary or cardiac intervention or major surgery of any kind within 30 days before the procedure; target vessel supplied by bypass vessel; MI caused by in-stent restenosis or restenosis; cardiogenic shock; previous stent placement within 10 mm of the target lesion; life expectancy Ͻ6 months; left ventricular ejection fraction Ͻ30%; cardiovascular accident or transient ischemic attack in the last 6 months; known hypersensitivity or contraindication to study medications, cobalt, nickel, or sensitivity to contrast media; serum creatinine level Ͼ2.5 mg/dl; unprotected left main coronary disease with Ͼ50% stenosis; excessive tortuosity of the target vessel; lesion aorto-ostial or within 5 mm of the origin of the left anterior descending or left circumflex; severely calcified target lesion. Randomization and treatment. Before PCI, patients who met study selection criteria were 1:1 randomly assigned to receive treatment with a self-expanding stent (STENTYS stent) or a balloon-expandable stent (VISION, Abbott Vascular, Santa Clara, California; or Driver, Medtronic, Minneapolis, Minnesota) using a computer-generated randomization scheme. The choice between the VISION and Driver stent was left to the discretion of the investigator. Thromboaspiration was recommended, but pre-dilation was left to the discretion of the investigator. Intracoronary nitroglycerin was systematically administered after thrombus aspiration to properly evaluate vessel size. Stent disconnection to allow side branch access was recommended if the diameter of the side branch was Ͼ2.25 mm with TIMI (Thrombolysis In Myocardial Infarction) flow grade Ͻ3, and/or stenosis Ͼ50%, and/or dissection Ͼgrade B. The STENTYS stent has the feature that allows each strut to be disconnected using a balloon; the investigator could decide to use this feature to create access to a significant side branch and (if needed) deploy a stent in the side branch. In patients assigned to the balloon-expandable arm, the side branch was supposed to be treated (if necessary) using the provisional stent technique. For both treatment groups, the use of post-dilation was recommended if there was a residual stenosis Ͼ30%.
All patients received antithrombotic management according to local practice. After the procedure, patients received aspirin (at least 75 mg/day indefinitely) and clopidogrel (75 mg/day for at least 6 months after the procedure).
The STENTYS Coronary Stent available for the study was a self-expanding, nitinol, bare-metal stent with a nominal strut width of 68 m (Fig. 1) . The stent lengths were 22 and 27 mm with diameters suitable for vessels with reference vessel diameters between 2.5 and 3.0 mm (small), 3.0 to 3.5 mm (medium), and 3.5 to 4.0 mm (large). The stent could be delivered through a 6-F compatible, rapidexchange delivery system over a conventional 0.014-inch guidewire. Follow-up, study endpoints, and definitions. Clinical data were collected before and after the procedure, at discharge, and at 30 days. Angiographic and optical coherence tomography (OCT) assessments were performed immediately after stent implantation and at 3 days after the procedure.
The primary endpoint was strut malapposition at 3 days measured by OCT. Malapposition was defined as the distance between the leading edge of the strut and the leading edge of the contour bigger than the strut thickness. The thickness (defined as the distance between the inner and outer part of the stent strut measured along the radial axis) of the STENTYS stent is 112 m for the small and 146 m for the medium and large sizes; the strut thicknesses for the VISION and Driver stents were 84 and 100 m, respectively. Secondary endpoints included: major adverse cardiac events (MACE) and component endpoints; target vessel failure; stent thrombosis at 30 days and 6 months; and stent-to-reference lumen diameter ratio.
MACE were defined as cardiac death, recurrent MI, emergent bypass surgery (coronary artery bypass graft), or clinically driven target lesion revascularization by percutaneous or surgical methods. Target vessel failure was defined as cardiac death, target vessel MI (Q-or non-Q-wave), or clinically driven target vessel revascularization by percutaneous or surgical methods. Angiographic assessment. Quantitative coronary analysis was performed using the CAAS5 analysis system (Pie Medical BV, Maastricht, the Netherlands). In each patient, the stented segment and the peristent segments (defined by a length 5 mm proximal and distal to the stent edge) were analyzed. Quantitative analyses of all angiographic data were performed off-line by an independent core laboratory (Cardialysis, Rotterdam, the Netherlands). Quantitative coronary analysis parameters determined were computerdefined minimal lumen diameter (MLD), reference diameter obtained by an interpolated method, and percentage 
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Self-Expanding Versus Balloon-Expandable Stents in AMI diameter stenosis. Binary restenosis was defined in every segment as diameter stenosis Ն50% at follow-up. Late loss was defined as the difference between post-procedure MLD and MLD at follow-up. OCT assessment. OCT acquisition was executed with the C7 XR Fourier-Domain System (LightLab Imaging, Westford, Massachusetts) using the flushing technique. The acquisitions were performed advancing the conventional wire distal to the segment of interest. Then, the OCT imaging catheter (RX ImageWire II, LightLab Imaging) was advanced distally to the treated region. Pullback was performed during continuous injection of contrast medium (3 ml/s, iodixanol 370, Visipaque, GE Healthcare, Cork, Ireland) through the guide catheter with an injection pump. In this case, the automated pullback rate was 20 mm/s and the frame rate was 100 images/s.
The OCT measurements were performed with QCU-CMS software (Medis Medical Imaging Systems BV, Leiden, the Netherlands) by an independent core lab (Cardialysis, Rotterdam, the Netherlands). The analyzed region comprised the stented segment and the 5 mm proximal and distal persistent segments. Frames were excluded from the analysis if there was a nonuniform rotational distortion, and if struts and vessel wall could not be visualized due to insufficient blood clearance, presence of intraluminal mass, or insufficiently flushed OCT catheter.
The lumen and stent areas were measured at 1-mm intervals. The lumen contour was obtained with an automated detection algorithm available in the QCU-CMS software and additional manual corrections were performed if necessary. To measure the stent area, the stent contour was traced using a multiple point detection function (17) . A support point for the contour was set in the middle of the endoluminal border of each stent strut. A semiautomated contour was then applied linking the points. To define apposition of the struts, the following were performed: 1) The distance from the middle point of the endoluminal side of each strut to the lumen contour was measured. 2) If this distance was longer than the strut thickness, this was considered as a malapposed strut. 3) In the frames with malapposed struts, the incomplete stent apposition (ISA) area was drawn manually; it usually takes a half-moon shape. The ISA area was defined as the space between the lumen contour and the stent contour at the location of malapposed struts. This constituted the ISA area of that frame. To get the mean ISA area per patient, all those ISA areas were summed and divided by the total number of analyzed frames (18) . In addition to ISA analyzed at patient level, it was also analyzed at strut level and at malapposition zone level. The axial distance between the strut's surface to the luminal surface was measured. If this was greater than the strut thickness, then a strut was malapposed.
Malapposition distance was defined as the distance between the luminal part of the strut minus the strut thickness at ISA strut level. Mean prolapse area was defined as the convex-shaped area of tissue protrusion between adjacent stent struts toward the lumen, without disruption of the continuity of the luminal vessel surface. Statistical analysis. A total of 72 patients needed to be enrolled to achieve a power of 80%, with a 2-sided significance level of 0.05, to detect a 3.5% absolute difference in the primary endpoint reduction in patients treated with the self-expanding or the balloon-expandable stent. To account for a 10% attrition rate of patients without analyzable OCT at 3 days after implantation, 80 patients (40 in each arm) needed to be included.
The primary analysis sample was based on the principle of intention-to-treat. Statistical analyses were performed by using SAS for Windows (version 9.2, SAS Institute Inc., Cary, North Carolina). Categorical variables were presented as counts and percentages and compared by means of Fisher exact test. Continuous variables are presented as mean Ϯ SD. If the continuous variable could Values are mean Ϯ SD or n (%) unless otherwise indicated. *TIMI flow grade 0/1 at 3-days follow-up: 0% (core lab analysis).
CABG ϭ coronary artery bypass graft; MI ϭ myocardial infarction; PCI ϭ percutaneous coronary intervention; TIMI ϭ Thrombolysis In Myocardial Infarction. For all analyses, a 2-sided p value Ͻ0.05 was considered statistically significant.
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Results
Between December 2009 and June 2010, 80 eligible patients were randomly assigned to receive the selfexpanding STENTYS stent (n ϭ 43) or a balloonexpandable stent (VISION or Driver stent, n ϭ 37) in 9 European centers. All patients had a primary PCI procedure with stent implantation and follow-up OCT imaging at 3 days after implantation as required by protocol. There was no significant difference between groups with regard to baseline clinical characteristics (Table 1 ). In the STENTYS group, 1 patient had a Ͼ30% residual stenosis directly after stent placement, which decreased to Ͻ30% confirmed by angiography at 3 days. Thrombectomy was performed in 84% of all cases (62 of 80) without significant difference between the self-expanding group (72.1%) and the balloonexpandable group (83.8%). In the self-expanding group, After the procedure, the percentage malapposed struts in the selfexpanding group was lower than in the balloon-expandable group (2.20% vs. 5.99%). Three days later, this difference was even more pronounced: 0.58% in the self-expanding group versus 5.46% in the balloon-expandable stent group. DS ϭ diameter stenosis; IQR ϭ interquartile range; MLD ϭ minimal lumen diameter; RVD ϭ reference vessel diameter.
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Self-Expanding Versus Balloon-Expandable Stents in AMI post-dilation was performed in 63% (27 of 43) at mean pressures 14.67 Ϯ 3.09 atm. There were significant differences between study sites. One site never postdilated, whereas 3 other sites post-dilated in 100% of the cases. In the balloon-expandable group, by definition, all patients received balloon dilation at deployment; the deployment pressure was 14.7 Ϯ 2.7 atm (minimum: 10 atm, maximum: 22 atm). In 24% (9 of 37), additional post-dilation (mean pressure: 16.44 Ϯ 2.40 atm) was performed in the balloon-expandable group, again with difference between the sites (varying between 0% in 4 sites and 50% of the cases). The diameter of the largest balloon used was significantly smaller in the STENTYS group than in the balloon-expandable group (2.78 vs. 3.32 mm, p Ͻ 0.05). Clinical outcomes. Clinical follow-up was complete in all patients at 30 days and 6 months. At 30 days, no episodes of MACE, including death, MI, revascularization, or stent thrombosis were observed in either group. At 6 months, 1 target lesion revascularization occurred in the selfexpanding group, resulting in no significant differences in MACE between the self-expanding and the balloon expanding groups (2.3% vs. 0%, p ϭ NS). Quantitative coronary angiography. Pre-intervention angiographic measurements were similar for the selfexpanding and the balloon-expandable groups. After the ISA ϭ incomplete stent apposition; OCT ϭ optical coherence tomography.
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procedure, in-stent MLD in the self-expanding group was lower than in the balloon-expandable group (Table 2) . At 3 days after implantation, there was a significant difference in in-stent lumen loss values between the 2 groups. In the balloon-expandable stent group, the mean in-stent lumen decreased slightly (0.04 Ϯ 0.21 mm), whereas in the selfexpanding group, there was a 0.12-mm growth of the lumen from post-procedure to 3-days follow-up. OCT analysis. After the procedure, lumen and stent area were smaller in the self-expanding than in the balloonexpandable group (p ϭ 0.07) ( Table 3 ). The number of struts analyzed was significantly larger in the self-expanding group than in the balloon-expandable group after the procedure (607 vs. 288, p Ͻ 0.001) and at 3 days (584 vs. 287, p Ͻ 0.001); this was due to a higher number of struts circumferentially and more struts per unit of stent length (smaller stent cells) in the self-expanding stent group. After the procedure, on a per-strut basis, a lower percentage of malapposed stent struts was observed in the self-expanding group than in the balloon-expandable group (2.20 Ϯ 3.92% vs. 5.99 Ϯ 7.28%, p Ͻ 0.001) (Fig. 2, Table 3 ). On a per-patient basis, 13.9% in the self-expanding stent group versus 37.1% in the balloon-expandable group presented malapposed stents (defined as Ն5% malapposed struts (18) after the procedure.
Three days after the procedure, both lumen and stent area were larger in the self-expanding group than in the balloonexpandable group; these differences were not statistically significant.
In the self-expanding stent group, values for stent area and volume significantly increased after the procedure until 3 days (p Ͻ 0.05); in the balloon-expandable group, lumen area and volume had slightly decreased (p ϭ NS), whereas stent area and volume had slightly increased (p ϭ NS). The difference in malapposition between the 2 groups that existed immediately after the procedure had become more pronounced, mainly due to a further reduction in the self-expanding stent group: 0.58 Ϯ 0.70% in the selfexpanding versus 5.46 Ϯ 6.98% in the balloon-expandable group, p Ͻ 0.001 (Fig. 2) . None of the patients in the self-expanding stent group versus 28% in the balloonexpandable group presented malapposed stents (p ϭ 0.001) (Fig. 3) . Figure 4 shows the distribution of the malapposition distance following the procedure (Fig. 4A) and at 3 days (Fig. 4B) ; it shows that post-procedural, serious malapposition happens more frequently (p Ͻ 0.001) in the balloon-expandable than in the self-expanding group. However, there is no significant difference after 3 days of follow-up (p ϭ 0.46). Figures 5 and 6 provide examples of resolution of malapposition in a self-expanding stent versus persistent malapposition in a balloon-expandable stent.
Discussion
For the first time, a randomized study demonstrates that in patients with acute myocardial infarction undergoing primary PCI, the use of a self-expanding stent, compared with conventional balloon-expandable stents, is associated with significantly better stent strut apposition at 3 days after implantation. In particular, patients treated with balloonexpandable stents had 3ϫ more malapposed struts immediately after the procedure; these differences became more pronounced after 3 days (almost 10ϫ more).
Stent malapposition has been linked with stent thrombosis (12, 19) . In the intravascular ultrasound substudy of the HORIZONS-AMI (Harmonizing Outcomes With Revascularization and Stents in Acute Myocardial Infarction) trial, post-procedural malapposed struts were found in 40.3% of bare-metal stent-treated lesions (20) . In the setting of acute myocardial infarction, reasons for early malapposition include adrenergic vasoconstriction leading to underestimation of the reference vessel size, stent underexpansion and recoil, and thrombus dissolution leaving a gap between the stent and the vessel wall (9) . By contrast, aggressive stent dilation results in more plaque disruption, embolization, and no-reflow (6). Previous self-expanding stents showed some shortcomings, such as difficulties in precise positioning and sharp wire ends that could lead to vessel trauma (e.g., Wallstent, Boston Scientific, Natick, Massachusetts) (21), or mechanical properties that did not allow for optimal conformability to vessel wall variations (e.g., Radius stent, Wallstent, Boston Scientific, Natick, Massachusetts) (22) . The selfexpanding STENTYS stent is a nitinol (nickel-titanium alloy) stent that, upon deployment, exerts a constant, gentle outward force while vasoconstriction and thrombus disappear. The characteristics of self-expanding stents differ from those of balloon-expandable stents. This can be illustrated by assessing the characteristics of the mediumsize version of the STENTYS stent, which is used for vessels with reference vessel diameter between 3.0 and 3.5 mm and has an unconstrained diameter of 5.3 mm. The ability to hold the vessel open (the radial force) is virtually identical to the radial force of the Vision stent, but it behaves in a different way. The radial force diminishes only slightly with larger stent diameters (a 16% decrease when the stent diameter increases from 3.0 to 4.0 mm). However, the outward force (the force that puts pressure on the vessel wall-i.e., the chronic outward force) decreases 42% when the stent diameter increases from 3.0 to 4.0 mm. These characteristics allow stent deployment at lower pressures, resulting in less initial barotrauma, and a lower degree of intrastent and edge dissections than are found with balloon-expandable stent use (23) . Therefore, it allows slow and gentle expansion of the stent during the first 3 days, an important feature in the initial healing phase of the infarct-related vessel.
The difference in behavior between self-expanding and balloon-expandable stents is reflected in the results of the OCT analysis (Table 3 ). The stent area in the balloonexpandable group was virtually identical to the lumen area, whereas in the self-expanding group, the stent area was smaller than the lumen area. This is explained by the different type of procedure performed with a self-expanding stent compared with a balloon-expandable stent. Less frequent dilation with smaller balloons under lower mean and maximal pressures performed in the self-expanding group (compared to use of balloons during deployment and additional post-dilation with a balloon-expandable stent) allows the stent to increase gradually its diameter following resolution of spasm and thrombus.
We also found that the post-procedural stent area in the self-expanding stent group was lower than in the balloonexpandable group (8.10 Ϯ 2.21 vs. 9.10 Ϯ 2.37 mm, p ϭ 0.07), probably because of the use of smaller balloons under lower pressures in the self-expanding stent group. However, at 3 days after implantation, the stent area in the selfexpanding group had increased from 8.10 to 9.31 mm (14.9%, p Ͻ 0.05); whereas in the balloon-expandable group, the stent area had decreased by 1.9% from 9.10 to 8.93 mm. This is explained by the ability of a self-expanding stent to grow in volume in the first hours to days after a STEMI procedure, following the natural vasodilation of the infarcted vessel in this period. The malapposition distance is defined as the distance (in millimeters) between the strut and the lumen. The numbers and percentages are on incomplete stent apposition struts levels. It shows that post-procedural (A) serious malapposition happens relatively more frequently (p Ͻ 0.001) in the balloon-expandable group than in the self-expanding stent group. However, there is no significant difference after 3-days follow-up (p ϭ 0.46) (B). Van Geuns et al.
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Similar findings were reported in the APPOSITION I (Assessment of the Safety and Performance of the STENTYS self-expanding Coronary Stent in Acute Myocardial Infarction) trial, a feasibility study assessing the safety and feasibility of the self-expanding stent in 25 patients undergoing primary PCI. At 3-days follow-up, intravascular ultrasound results showed an 18% to 19% increase of mean stent area, minimum lumen area, and mean reference area distal to the stent (15).
To our knowledge, APPOSITION II is the first trial in the setting of STEMI with OCT examinations performed both immediately after stent implantation and at 3 days. OCT has opened up new possibilities for the evaluation of stents, allowing a very detailed assessment of strut apposition (24) . Importantly, stent malapposition has been observed lately at 13 months in ϳ1% of patients undergoing primary PCI with drug-eluting stents (25) . Optical coherence tomography images of balloon-expandable stent with area of malapposition after procedure and persistent malapposition at 3-days follow-up.
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Self-Expanding Versus Balloon-Expandable Stents in AMI This finding calls into question current recommendations to prolong the combined use of aspirin and a P2Y 12 receptor inhibitor for 6 to 12 months after drug-eluting stent placement, while challenging our attempt to define the optimal duration of dual antiplatelet therapy (2) . Recent clinical trials, such as the ODESSA (Optical Coherence Tomography for DES Safety) study, have selected OCT variables as their primary endpoint (26) . By taking advantage of such OCT features, enough information can be gathered from a relatively small patient cohort to guide the drug and device industry before embarking on large population trials. In this way, we were able to demonstrate that early stent malapposition remains substantially unchanged at 3 days after the procedure when balloon-expandable stents are used. Conversely, as demonstrated by intravascular ultrasound in the APPOSITION I study, the use of a self-expanding stent is associated with increased lumen area and reduced stent malapposition 3 days after deployment. These outcomes may be achieved without requiring the stent to be deployed at high pressures with theoretical benefits in terms of reduced plaque or thrombus dislodgement and less distal embolization (6) . A subanalysis of the LEADERS (Limus Eluted From a Durable Versus Erodable Stent Coating) trial defined a malapposed stent as one with Ն5% struts malapposed (18) . Even though this is an arbitrary cutoff percentage, it provides a useful insight in the number of malapposed stents at patient level. When applying this criterion to the APPOSITION II study, it turns out that no patient had malapposed stents in the self-expanding arm, whereas 28% of patients in the balloon-expandable arm did. Whether these benefits may translate into subsequent reduced stent thrombosis and improved clinical outcomes deserves further investigation in larger studies with longer follow-up.
Conclusions
This randomized study in acute MI using OCT as primary endpoint showed for the first time a lower rate of strut malapposition with a self-expanding stent versus a balloonexpandable stent at 3 days after primary PCI. Further studies are needed to assess the clinical significance of improved early stent apposition.
